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bstract
A simple low cost method has been developed and validated for the determination of trace amounts of palladium (II) ions
n water and fertilizer samples. The method is based on the reaction of palladium (II) ions with the reagent neothorin (2-(2-
rsonophenylazo) chromotropic acid disodium salt). The complex formed exhibits an absorption maximum at 567 nm (λmax) in
ritton–Robinson (BR) buffer (pH = 2). The corrected absorbance of the formed complex at λmax was obtained by employing a
-correction spectrophotometric method. The Beer–Lambert law and Ringbom’s plots of the coloured palladium reagent complex
ere obeyed in the concentration ranges of 0.05–2.7 and 0.1–2 g mL−1 palladium (II) ions, respectively, with relative standard
eviations in the range of ±1.3–2.1%. The limits of detection (LOD) and quantitation (LOQ) of the procedure were 0.011 and
.04 g mL−1 palladium, respectively. The proposed method was applied for the analysis of palladium (II) ions in spiked tap,
ineral and underground water samples. The results of the developed method were satisfactorily compared with the data obtained
y the inductively coupled plasma-mass spectrometric (ICP-MS) method. Statistical comparison of the results of the proposed
ethod with those obtained by the standard method revealed no significant differences in accuracy and precision. The developed
ethod offers a simple system coupled with good reproducibility, accuracy, ruggedness and cost effectiveness.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Palladium is one of the precious metals. Owing to
ts corrosion resistant nature and ability to form alloys,
alladium is an important element in metallurgy [1]. Pal-
adium is an element belonging to the platinum element∗ Tel.: +966 504364108.
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C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).group (Pt, Rh, Ir, Os and Au). This element is found
at low concentrations in several matrices [2,3]. The sig-
nificance of palladium as a transition metal lies in its
wide spectrum of applications, especially in electrical
and electronic industries, catalysts, dentistry and med-
ical devices, jewellery, surgical instruments, electrical
contacts and nano-particles for the development of new
active catalysts [4–7]. Its alloys are used in manufactur-
ing. Moreover, palladium is used in automobile catalysts
together with Pt and Rh [1].behalf of Taibah University. This is an open access article under the
Some Pd compounds have been reported as poten-
tial health risks to humans, causing asthma, allergies,
rhino conjunctivitis and other serious health problems
[8,9]. Thus its determinations are very difficult. As
h University for Science 10 (2016) 1–8
Table 1
ICP-OES operational conditions and the wavelength (nm) for palla-
dium (II) determination.
Parameter
Rf power 1300 W
Nebulizer flow 0.75 L/min
Auxiliary flow 0.2 L/min
Plasma flow 15.0 L/min
Sample pump flow 1.5 mL/min
Plasma viewing Radial
Processing mode Area
Replicates 3
Nebulizer type Cross-flow (Gim Tip)
Spray chamber Scott (Ryton)2 E.A. Al-Harbi / Journal of Taiba
such, the development of an analytical technique for Pd
determination has been a challenge for researchers. Pd
determination is of special interest because this element
is a new contaminant to the environmental due the intro-
duction of automobile catalysts containing elements of
the platinum element group. Pd is also being studied by
the medical field for use in a possible new antitumor
drug [2,3]. Moreover, palladium metal has been used as
a catalyst. It is ubiquitous in the development and manu-
facture of active pharmaceutical ingredients. Palladium
is an expensive metal, and its potential for negative bio-
logical effects is unknown. Therefore, the need to recover
spent palladium is driven both by cost and by government
regulations requiring residual palladium to be very low
in product and waste streams [10–12]. It was thus consid-
ered worthwhile to explore the possibility of developing
a simple, sensitive and selective method for the determi-
nation of trace amounts of palladium in various samples
[13].
The development of analytical methods for the deter-
mination of Pd is important for the effective monitoring
of pollution levels of this metal in the environment.
Although the concentration of Pd in different compart-
ments of the environment continuously increases, it is
still at the level of ng g−1 (or ng mL−1). Numerous inter-
actions between the analyte and the matrix constituents
can significantly influence both the limit of detec-
tion and the accuracy of the analytical method. Many
methods have already been developed for the determi-
nation of palladium in real samples. These are based on
atomic absorption spectrometry (AAS) [7,14], including
both flame (FAAS) [7] and electrothermal spectrometry
(GFAAS) [15–19], inductively coupled plasma atomic
emission spectrometry (ICPAES) or inductively coupled
plasma mass spectrometry (ICP-MS) [20–22]. These
determination techniques are usually difficult, and an
initial sample pretreatment, such as the preconcentration
of the analyte and matrix separation, is often necessary
[23]. Several techniques have been developed to deter-
mine Pd in different matrices, such as neutron activation
analysis (NAA) [24–26], optical emission spectrometry
(OES) [27], X-ray fluorescence (XRF) [28] and sensor
membranes [13]. Although these methods have good
sensitivities, they require expensive instruments, well-
controlled experimental conditions and profound sample
preparation.
The -correction method [29–33] is an analytical
method, which is different from other dual-wavelength
spectrophotometric methods. This technique eliminates
the interference of excess chromogenic reagent, thus
enhancing the sensitivity of the method and minimiz-
ing the analytical error. Therefore, the overall goals ofInjector Scott (Ryton)
this work are as follows: (i) developing a precise and
low cost procedure for the determination of Pd using
the chromogenic reagent neothorin and (ii) applying the
proposed method for the analysis of Pd in complex matri-
ces, e.g., water. The factors influencing Pd determination
were systematically studied. The method was success-
fully applied to determine trace amounts of Pd in water
and soil samples.
2.  Experimental
2.1.  Apparatus
The absorbance measurements of the reagent and
its palladium (II) complex were measured with a
Shimadzu (MultiSpec-1501) double beam spectropho-
tometer (190–800 nm) with a 1 cm (path width) quartz
cell. A digital micro-pipette (BRAND) and a digi-
tal pH meter (model MP 220, Metter Toledo) were
employed for the preparation of the standard solutions
and pH measurements. A Perkin Elmer inductively cou-
pled plasma-optical emission spectrometer (ICP-OES,
Optima 4100 DC, Shelton, CT, USA) was used and
operated at the optimum operational parameters for Pd
determination (Table 1).
2.2.  Reagents  and  materials
Analytical reagent grade chemicals and solvents were
used without further purification. A stock solution of
palladium (1000 g mL−1) was prepared from palla-
dium (II) chloride (Fluka, AG Buchs, Switzerland). More
dilute standard solutions were then prepared by the dilu-
tion of the stock solution and were finally stored in
low density polyethylene (LDPE) bottles. An accurate
weight of the BDH (BDH Chemicals, Poole, England)
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in aqueous media with shaking revealed the forma-ig. 1. Chemical structure of the neothorin reagent (2-(2-
rsonophenylazo) chromotropic acid disodium salt).
eagent neothorin (2-(2-arsonophenylazo) chromotropic
cid disodium salt) (Fig. 1) was dissolved in water
100 mL). A series of Britton-Robinson (BR) buffers
pH = 2–11.7) was prepared as reported earlier [34].
.3.  Recommended  procedure
In a series of volumetric flasks (10 mL), an appro-
riate concentration (0.05–2.0 g mL−1) of palladium
olution was added to the reagent solution (0.25 mL,
 ×  10−3 M) and BR buffer at a pH of 2. The test solution
as diluted to the mark with distilled water. The solution
ixtures were allowed to stand at room temperature for
 min before measuring the absorbances at 500 nm (λ1)
nd 567 nm (λmax).
.4.  Analytical  applications
.4.1.  Determination  of  the  palladium  in  tap,
ineral and  ground  water
Tap water collected from the laboratories of the
hemistry Department, Taibah University, Al-Madinah
l-Minawara city, KSA, and mineral water, commer-
ially available in the Saudi market, were filtered through
 0.45 m cellulose membrane filter prior to analysis and
tored in LDPE sample bottles (250 mL). The recom-
ended general spectrophotometric procedure used to
repare the standard curve was followed, and the con-
entration of palladium (II) ions was then determined
rom the standard curve using the following equation:
alladium (II) concentration = Cstd ×  Asamp
Astd
(1)
here Cstd is the standard concentration and Asamp and
std are the corrected absorbances of the sample and
he standard, respectively. Alternatively, the standard
ddition method was employed as follows: a known
olume (5.0 mL) of the unknown water sample was
ransferred to a volumetric flask (10.0 mL). An accu-
ate volume (0.25 mL) of the reagent was then added
o the test solution, and the reaction mixture was thenrsity for Science 10 (2016) 1–8 3
diluted to the mark with distilled water. The same
procedures were repeated after adding various concen-
trations (0.1–2 g mL−1) of palladium (II) ions. The
true absorbances displayed by the test solutions were
measured before and after the addition of the standard
(0.1–2 g mL−1) palladium (II) solution by employing
the -correction spectrophotometry method. The con-
centration of palladium (II) was then determined via the
calibration curve of the standard addition procedure.
2.4.2. Determination  of  palladium  in  the  certiﬁed
reference material  (IAEA-Soil-7)
An accurate weight (0.1002 ±  0.0001 g) of the CRM
(IAEA-Soil-7) sample was transferred into a Teflon
beaker (50.0 mL) containing HF (7.0 mL), concentrated
HCl (2.0 mL), and concentrated HNO3 (5.0 mL) at room
temperature to digest the sample gradually and slowly.
The reaction mixture was then heated slowly for 1 h
at 100–150 ◦C on a hot plate. After the evolution of
NO2 fumes had ceased, the reaction mixture was evapo-
rated to near dryness and mixed again with concentrated
HNO3 (5.0 mL). The process was repeated thrice, and
the mixture was again evaporated to dryness. After evap-
oration, the solid residue was then redissolved in dilute
nitric acid (10.0 mL, 1.0 mol L−1). The resulting mixture
was filtered through Whatman 41 filter paper, trans-
ferred to a volumetric flask (100.0 mL), and diluted to
the mark with deionized water [35]. An accurate vol-
ume of the test solution (0.1 mL) was then transferred
into the measurement flask (10.0 mL) in the presence
of the reagent (0.25 mL, 1 ×  10−3 M), and various con-
centrations (0.1–2 g mL−1) of palladium were added
separately. The solutions were then diluted to the mark
with doubly deionized water, and the absorbances of
the test solutions were measured by dual-wavelength
-correction spectrophotometry. The concentration of
palladium was finally determined via the standard addi-
tion curve. The measurements are the average of five
independent measurements, and the precision in most
cases was ±2%.
3.  Results  and  discussion
3.1.  Electronic  spectra  of  the  reagent  and  its
palladium  chelate
A preliminary screening investigation on the interac-
tion of the neothorin reagent with palladium (II) ionstion of a coloured complex. The electronic absorption
spectra of the reagent and its palladium (II) complex
are shown in Fig. 2. The spectrum of the reagent
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Fig. 2. Electronic spectra of the reagent neothorin and its palladium
Fig. 3. Influence of the pH of the aqueous test solution on the realcomplex. Curve A is the spectrum of the reagent blank (reference,
water); B is palladium (II) complex (reference, water); and C is the
palladium complex (reference, reagent blank).
compared to water showed one well-defined peak at
500 nm (λ1), while in the spectrum of the palladium
complex against the reagent blank a well-defined absorp-
tion peak (λ2) at 567 nm with a molar absorptivity
(ε) of 2.5 ×  104 L mol−1 cm−1 was observed (Fig. 2).
These results suggest the possible application of the -
correction spectrophotometric technique to improve the
sensitivity of the proposed reaction for the determina-
tion of palladium (II) in the subsequent work. Moreover,
the interference caused by excess chromogenic reagent
in the reaction mixture will be eliminated. Therefore,
the real absorbance (Ac) of the produced palladium (II)
complex in solution was calculated using the following
equation:
Ac = A  −  A
′
1 −  αβ (2)
where A  and A′ are the absorbances of the palladium
(II) chelate at λ2 and λ1, respectively, versus the reagent
blank as a reference. The spectrophotometric parame-
ters α  and β  were calculated employing the following
equations:
β  = A0
A′0
= ε
λ2
L
ε
λ1
L
(3)
α = A
′
α
Aα
= ε
λ1
ML
ε
λ2
ML
(4)
where A′0 and A0 are the absorbances of the blank
solution at λ1 and λ2, respectively, against water as
a blank, and Aα and Aα are the absorbances of the
complex formed in the solution at λ2 and λ1 versus
water, respectively. Moreover, it should be noted thatabsorbance of the palladium–neothorin complex with (Ac) and without
(A) spectral correction. Conditions are as follows: reagent concentra-
tion = (1 × 10−3 M) and palladium = 1 g mL−1.
the sensitivity of the developed -correction method was
improved over that of the single wavelength method by
selecting the wavelengths λ1 and λ2 at the valley and
peak of the electronic spectrum of the chelate versus
the blank solution [36], respectively. Curve C in Fig. 2
demonstrates the minimum and maximum absorption of
the palladium–neothorin complex at 500 nm (λ1) and
567 nm (λ2), respectively. Thus, the absorbance of the
palladium (II) complex formed at λ2 when the blank
was used as a reference (single wavelength method) was
found to be less than the corrected absorbance by the
-correction spectrophotometric technique. From Fig. 2
(curve A), the calculated parameter β  was found to be
equal to 0.14, while the correction coefficient α567 cal-
culated from Fig. 2 (curve B) was 3.7, thus confirming
the accuracy of the method.
3.2.  Inﬂuence  of  different  parameters  on  the
determination  of  palladium
The influence of the pH of the aqueous solution
employing BR buffer (pH = 2–11) on the developed
coloured complex was studied by measuring the real
absorbance of the solution containing palladium ions
at a suitable concentration (0.05–2.0 g Pd/mL) in the
presence of the reagent neothorin. The results are shown
in Fig. 3, where it is clearly observed that the maxi-
mum absorbance of the produced coloured complex was
obtained at a pH of 2.
The influence of the concentration of neothorin
on the formation of the palladium ion complex
E.A. Al-Harbi / Journal of Taibah Unive
Fig. 4. Plot of the absorbance (stability) of the formed
palladium–neothorin complex versus time with (Ac) and with-
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1.0 g mL using the -correction spectrophotometryut (A) spectral correction. Reagent concentration = (1 × 10−3 M);
alladium = 1 g mL−1in the aqueous solution.
1 g mL−1) was studied. Various volumes of the reagent
1 ×  10−3 M) solution were added to the test solutions. A
.25 mL amount of the reagent (1 ×  10−3 M) was found
o be sufficient to quantitatively determine the palla-
ium up to 1.0 g mL−1 in the aqueous solution. A large
xcess of the reagent decreased the absorbance possibly
ue to the increased acidity of the aqueous phase, which
inimizes the formation of the complex. (The stabil-
ty of the formed complex with the time was critically
nvestigated and the results are demonstrated in (Fig. 4))
.3.  Interference  study
The determination of palladium ions at a concen-
ration 1.0 g mL−1 in the presence of relatively high
xcesses (0.05–1.0 mg) of some diverse ions relevant to
ater, e.g., alkali and alkaline earth metals, Cu2+, Pb,
i2+, Na+, Ru+, K+, Ca2+, Al3+, Ni2+, Cr3+, Cd2+, Fe3+,
−
, SO42−, NO3− and PO43− ions, was critically inves-
igated by the developed procedure. The tolerance limit
w/w) was defined as the concentration of the other ion
dded that caused a relative error within ±2% in the
rue absorbance of the palladium–neothorin complex.
he results revealed that the presence of large amounts
f the following foreign ions: Ca2+, NH4+, Li+, Mg2+,
O43−, CH3COO− and NO3− did not cause any sig-
ificant change in the corrected absorbance of the Pd
omplex and were tolerable even at 1:1000 concentra-
ions of Pd to the foreign ion. The ions Co2+, Ni2+, Cd2+,
− and Cl− at a 100-fold excess to the palladium ions
lso did not interfere. The ions Pb2+ and Fe3+ at concen-
rations 50 times higher than those of the analyte caused
erious interference. The addition of a few drops of NaCl
0.1%, w/v) and NaF (1.0%, w/v) to the aqueous solutionrsity for Science 10 (2016) 1–8 5
eliminates the positive interferences caused by Pb2+ and
Fe3+ ions, respectively.
3.4.  Stoichiometry  of  the  palladium  complex
The chemical structure of the produced palladium
complex was determined by the method of continuous
variation at various concentrations of the palladium ions
and the reagent. A plot of the true absorbance of the
produced coloured solution at 567 nm versus the mole
fraction of the reagent revealed a graph that indicated
the formation of a complex having a palladium to reagent
molar ratio of 1:2. These data confirmed that the coloured
species most likely fit with the molecular formula of the
palladium-reagent complex.
3.5.  Analytical  performance
At the optimum experimental conditions for
the reaction of the reagent neothorin with palla-
dium in an aqueous solution, the effective molar
absorptivities (ε) calculated from a Beer–Lambert
plot and Sandell’s sensitivity index [37] of the
palladium-complex with and without the use of -
correction spectrophotometry were found to be equal
to 2.5 ×  104 L mol−1 cm−1, 9.0 ×  103 L mol−1 cm−1,
0.004 g cm−2 and 0.01 g cm−2, respectively. The sen-
sitivity of the -correction spectrophotometric method
was found to be much better than that obtained by the
single wavelength method as indicated from the molar
absorptivity. The plot of the absorbance of the pal-
ladium (II) complex at 567 nm versus palladium (II)
concentrations employing -correction spectrophoto-
metry obeyed the Beer–Lambert law in the concentration
range 0.05–2.7 g mL−1. The regressions of the linear
plots without and with the use of -correction spectro-
photometry were given by the following equations:
A  =  0.09Cx +  0.0005 (r2 =  0.996) (5)
AC =  0.25Cx −  0.003 (r2 =  0.999) (6)
where C  is the concentration of the palladium ions in
g mL−1. The effective concentration range of palla-
dium (II) ions as evaluated by Ringbom’s plot [38] was
obeyed in the range of 0.1–2 g mL−1. The precision
and accuracy of the developed procedure were evaluated
by the recovery studies of four replicate measurements
of palladium in distilled water at a concentration level of
−1
method. The relative standard deviation and the relative
error of the developed -correction method were 2%
and 1.8%, respectively. The level of precision was found
6 E.A. Al-Harbi / Journal of Taibah University for Science 10 (2016) 1–8
Table 2
Analytical features of the developed and some of the reported spectrophotometric methods for the Palladium determination.
Reagent λmax (nm) ε (L mol −1 cm−1) pH LOD
(g mL−1)
Linearity
(g mL−1)
Reference
-Benzilmonoxime (BZ) 434 1.03 × 104 Acidic media 0.066 13–0.3 [40]
2-Hydroxy-3-methoxy
benzaldehyde
thiosemicarbazone
(HMBATSC)
380 2.198 × 104 1.0–7.0 N.R. 0.426–4.257 [41]
Benzildithiosemicarbazone 395 3.01 × 104 dm3 mol−1 cm−1 2.5 N.R. 0.25–3.5 [42]
1-Methyl-3-(2-Pyridyl)
Thiourea
490 0.96 × 104 6.0 0.03 25–400 g per
10 mL
[43]
Furfurylacroline
Thiosemicarbozone
390 0.41 2.0–10.0 N.R. N.R. [44]
Pyridoxal-4-phenyl-3-
thiosemicarbazone
460 2.20 × 104 3.0 N.R. 0.4–6.4 [45]
1-(2-Pyridylazo)-2-
naphthol
678 1.2 × 104 N.R. N.R. 0.1–1.8 [46]
3,4-
Dihydroxybenzaldehy-
deisonicotinoylhydra-
zone(3,4-DHBINH)
380 0.53 × 104 3.0 0.0948 0.5–20.0 [47]
Neothorin (2-(2-
Arsonophenylazo)
chromotropic acid
567 2.5 × 104 2 0.011 0.05–2.7 Present
workdisodium salt)
N.R.: not reported.
to be suitable for the routine analysis of palladium in
various water samples. Under the conditions established
for palladium ions, the lower limits of detection (LOD)
and quantification (LOQ) of palladium were determined
employing the following equations [39]:
LOD = 3δ
b
(7)
and
LOQ = 10δ
b
(8)
where δ  is the standard deviation (n  = 5) of the blank, and
b is the slope of the calibration plot. The values of the
LOD and LOQ of the developed procedure without using
the -correction absorbance values were found to be
0.033 and 0.11 g mL−1 palladium, respectively. Such
limits were improved to lower the detection and quan-
tification limits of 0.011 and 0.04 g mL−1 palladium,
respectively, by employing the developed -correction
method using the optimum experimental conditions. A
comparison of the main analytical features of the pro-
posed method was made with many of the previously
published spectrophotometric [40–47] methods and is
summarized in Table 2. A statistical comparison of the
results of the proposed method with those of the standard
method was performed, and no significant differences inthe accuracy and precision were found, as indicated from
the value of the Student’s t  test at 95% confidence, where
the values did not exceed the theoretical value of 2.31.
Thus, the method provides a simple approach with good
reproducibility and precision for the determination of
palladium.
3.6.  Analytical  applications
The validity of the proposed method was tested
by the analysis of the palladium in tap, mineral and
underground water samples. For this purpose, different
concentrations of palladium ions in the concentration
range of 0.1–2.0 g mL−1 were spiked into the tested
water samples. The palladium content in each sample
was then determined via the developed method, and the
results are summarized in Table 3. The results obtained
are in good agreement with the data obtained from the
ICP-MS method. The statistical evaluations involving
the F  test revealed no significant differences between the
two variances of the developed and the ICP-MS meth-
ods. The calculated value of F  (2.233) is less than the
tabulated F  value (6.39) for five replicate measurements.
Therefore, there is no significant difference in the preci-
sion of the two methods at the 95% confidence level. At
the 95% confidence level, the calculated value of t for
E.A. Al-Harbi / Journal of Taibah University for Science 10 (2016) 1–8 7
Table 3
Analysis of palladium ions in tap-, mineral- and ground-water samples by the developed (A) and the ICP-MS (B) methods.a
Sample Palladium added (g mL−1) palladium found (g mL−1)a Recovery, % ±RSD
A B A B
Tap water
0.0 nd nd – –
1 0.99 ± 0.07 1.02 ± 0.03 99 ± 7.0 102 ± 2.9
2 2.18 ± 0.06 2.02 ± 0.07 108 ± 2.7 101 ± 3.4
Mineral water
0.0 nd nd – –
1 1.05 ± 0.05 1.05 ± 0.06 105 ± 4.7 105 ± 5.7
2 2.1 ± 0.08 2.0 ± 0.03 106 ± 3.8 100 ± 1.5
Ground water
0.0 nd nd – –
1 1.08 ± 0.05 1.09 ± 0.04 108 ± 4.6 109 ± 3.6
2 2.12 ± 0.03 2.08 ± 0.08 106 ± 1.4 104 ± 3.8
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[a Average of five measurements ± standard deviation.
d = not detected.
he results obtained analysing the ground water sample
as found to be 0.705 (n  = 5) at a 2 g mL−1 concentra-
ion of palladium ions, while the theoretical one value
s t = 2.306; therefore, there is no difference between the
wo means.
Moreover, the validity of the proposed method
as also tested by the analysis of the palladium in
he CRM IAEA-Soil-7 under the conditions described
n experimental Section 2.4.2. The true absorbance
f the test solutions calculated via the proposed
ual wavelength -correction spectrometry was plot-
ed versus the concentration of palladium added. The
piked palladium concentration was determined via the
tandard addition curve. The agreement was accept-
ble between the results obtained by the developed
-correction spectrometric method (0.0 ±  0.01 g g−1),
CP-MS (0.0 ±  0.04 g g−1) and the certified value
0.0–0.0 g g−1) for the CRM sample.
.  Conclusions
The proposed method provides a simple and reliable
eans for the determination of palladium at trace levels
n complex matrices, such as water. The method also has
he advantage of virtual freedom from interference from
xtraneous ions and can therefore serve as an alterna-
ive to the widely used flameless AAS for the rapid and
recise determination of trace amounts of palladium in
atural water and effluent samples. A calibration matrix
onstructed with the -correction spectrophotometric
ethod has been successfully applied for the analy-is of palladium (II) ions in real samples. Most of the
eported methods suffer from many drawbacks, e.g., high
ost, multiple steps, time consuming, and costly sol-
ents (HPLC), while the proposed method offers a stable
[
[system with a short analytical time coupled with good
reproducibility and cost effectiveness.
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